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Abstract 
The initial nickel sulfide precipitated in normal Earth surface aqueous environments is 
nanoparticulate hydrated NiS with the general formula Ni1.1S·1.5H2O. The water content was 
determined by thermogravimetric mass spectroscopic analysis, and the chemical composition was 
determined by inductively coupled plasma-optical emission spectrometer (ICP-OES), back titration 
of CuCl2, ion chromatography (IC) and energy dispersive X-ray (EDX) spectrometry. Together with 
the structural characterization of the material, the results suggest that the NiS nanoparticles may be 
modelled as 4 nm spheres with a 1 nm anhydrous crystalline NiS core and a hydrated disordered 
outer shell layer containing 24 ± 3 H2O molecules per nm3. Thermogravimetric results suggest that 
the water is an integral part of the shell layer configuration analogous to the intralayer H2O of some 
clays. The results suggest that this phase determines the aqueous solubility of nickel in low 
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temperature sulfidic systems. It also provides a novel route for the nucleation and growth of nickel 
sulfides in aqueous solutions.  
 
Key words: composition, nickel sulfide, nanoparticles, chemical analysis, TGA-MS 
1 Introduction 
A recent 728 page volume entitled “Nickel and its surprising impact on Nature” (Sigel et al., 2008) 
summarises recent advances in what the editors call the “vibrant research area” of nickel 
biogeochemistry. Considerable interest in this field has been engendered by the realisation of the 
role played by nickel-containing enzymes in key biochemical processes. For example, Ni-Fe 
hydrogenases reversibly catalyze the heterolytic conversion of dihydrogen into protons and 
electrons. Ni-bearing urease is a key factor in the oceanic nitrogen cycle. From a geologic 
viewpoint, it is interesting that the Ni proteins (e.g., methyl coenzyme M reductase and its Ni 
corphin coenzyme F-430) are characteristic of some methanogenic archaea which have 
exceptionally primitive characteristics in the conventional tree of life. The involvement of Ni in 
these enzymes has led some workers to suggest that Ni – associated with deep ocean hydrothermal 
vents – was instrumental in some key reactions involved in the origin of life (e.g. Russell and Hall, 
1997). Other researchers have suggested that Ni was involved in the early evolution of life (Frausto 
da and Williams, 1991). Interest in the sulfide chemistry of Ni in natural aqueous systems has 
received further impetus with the suggestion (Canfield, 1998; Poulton et al., 2010) that sulfidic 
ocean waters occurred over considerable periods of geologic time.   
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However, as pointed out by Morel et al. (2004), Ni has received the least attention from 
oceanographers of all the first row transition elements. This is significant because Ni is one of the 
key micronutrients for ocean productivity (Morel and Price, 2003). Nickel sulfides have been 
reported in the anoxic basin of Black Sea (Kiratli and Ergin, 1996) and one of us (Rickard, 
unpublished) has observed nickel sulfides associated with pyrite nodules in Baltic Sea sediments. 
Geologically, nickel sulfides such as millerite (NiS) occur within organic rich sediments, including 
coals (Anderson and Smythe, 1942; North and Howarth, 1928; Belkin and Luo, 2008), consistent 
with participation of Ni in diagenetic mineralising processes. Because of the general lack of 
information about the biogeochemical cycles of Ni it remains a mystery as to how the Ni 
concentrations sufficient to produce nickel sulfides in these marine and brackish water systems arise. 
This lack of direct information has resulted in a considerable dependence on equilibrium 
thermodynamic models to describe and assess Ni distribution in natural waters. Since the pioneering 
work of Garrels (1960), nickel sulfides have featured in geochemical equilibrium models as a 
potential factor in controlling nickel concentrations in natural waters. It is therefore surprising that 
reports on the composition of precipitated nickel sulfide have been lacking in the literature for the 
last 80 years. Compositional data are essential for the determination of solubilities and the 
understanding and prediction of the biogeochemistry of the transition metals in past and present 
Earth surface environments.  
 
Environmental aspects of Ni geochemistry have been widely discussed. One driver is the 
well-known carcigenicity of nickel sulfides (cf. Ottolenghi et al., 1975). Ni sulfides have been used 
to remove nickel from process streams, waste streams (such as acid mine drainage) and 
metallurgical waste water (e.g. Bijmans et al., 2009; Huisman et al., 2006; Veeken et al., 2003). 
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Fortin et al. (1994) investigated NiS precipitation by sulfate-reducing bacteria (SRB) in Ni removal 
from waste waters in bioreactors, sediments and soils. They distinguished Ni adsorption, organic Ni 
complexation and NiS precipitation on the cell exteriors. The nature of the nickel sulfide precipitate 
appears to be critical to the impact of Ni on human health and the ecosystem. Thus, for example, 
crystalline nickel sulfides are carcinogens but amorphous Ni sulfide is not phagocytised by cells and 
thus Ni is not delivered to the cell interior (e.g. Costa et al., 2001). Nickel is also one of the main 
radionuclides responsible for the overall dose rate for radioactive waste after 65000 years (Vieno et 
al., 1993). The properties of its sulfides are important in assessing the mobility of nickel in anoxic 
sulfidic environments during geological disposal (Thoenen, 1999).  
 
Although metal:sulfur ratios are easily obtained to various degrees of accuracy by instrumental 
methods (e.g. energy dispersive X-ray analysis, EDX), total analyses of nickel sulfides are rarely 
reported.  The importance of total chemical analyses of materials is obvious: (1) the accuracy of 
partial analyses cannot be determined unless all the components are included and (2) the analytical 
precision remains unknown unless the total is known. This is particularly important in metal 
sulfides where non-stoichiometry is common. Using total analyses, for example, Rickard et al. 
(2006) showed that mackinawite was not Fe1+xS but actually Fe1.0S. The apparent 
non-stoichiometry was derived from the inclusion of other metals in natural samples.   
 
One reason for the lack of reported total analyses is that the analytic protocol required to achieve 
total analyses is non-trivial. Although machine-based techniques can be used to scan samples 
qualitatively to check for the presence of cations, the accuracy of quantitative analyses by these 
methods is still constrained by the lack of totals. In the case of anions, machine-based techniques 
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are often even less satisfactory and the actual composition of anions (e.g. S as S(-II), SO4(-II), 
SO3(-II) etc) may not be determinable. We have found, for example, that anionic contaminants in 
synthetic sulfide minerals (such as SO4(-II)) may constitute up to 20 wt % of the analytic totals. In 
the EDX analyses these are reported merely as S and the simple metal: sulfur ratios appear to 
suggest non-stoichiometry. We have found that total analyses of commercial, analytic grade metal 
sulfides are not carried out by the manufacturers who only analyse the metal contents. For example, 
analytic grade metal sulfides with a stated 99.9 or 99.99% purity contain < 0.1 or 0.01 wt % of 
exotic metals (the contents of which are listed on the label) but the anion contents are neither listed 
nor analysed. This means that the amount of S(-II) (relative to other S oxidation states) is unknown 
and the amounts of other components (particularly oxygen-based components) are also unknown.  
 
In this paper we report a new protocol for the total analysis of precipitated nickel sulfides. We use 
this to resolve the classic problem of whether or not the first-formed nickel sulfide precipitated from 
aqueous solutions at room temperature is hydrated or not, to determine the nature of the hydration 
and its exact composition. Jeong and Manthiram (2001) described this material as “amorphous NiS” 
although they did not provide any analyses. Early workers – and the last to report total analyses of 
the material – thought that Ni sulfide might be hydrated (e.g. Thiel and Gessner, 1914). Mickwitz 
(cited in Mellor, 1936) proposed that the formula for nickel sulfide precipitates was Ni(OH)(HS) or 
Ni(HS)2.  Nickel sulfides are especially interesting in this context because Ni(II), a d8 ion, is closely 
related to Fe(II) (d6) and its first precipitated sulfides might be expected to show similar properties 
to FeS. However, the first-formed FeS precipitate in aqueous solutions at low temperatures is 
anhydrous (Rickard et al., 2006). 
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This study is built upon the structural work of Huang (2008) and Huang et al. (2009). Jeong and 
Manthiram (2001) showed that the nature of the nickel sulfide was influenced by the pH of 
precipitation and Mellor (1936) thought that the relative concentration of the reactants affected the 
composition. It is therefore necessary to define very carefully both the conditions of synthesis of the 
nickel sulfide and its structural characteristics before a reproducible composition can be ascertained.  
Huang (2008) and Huang et al. (2009) showed that Jeong and Manthiram’s “amorphous NiS” was 
the first-formed precipitate. This is significant because the first-formed precipitate, which is 
unlikely to be the stable phase (e.g. Morse and Casey, 1988), determines the solubility of the metal 
in solution. Huang (2008) and Huang et al. (2009) showed that the material was nanoparticulate 
with an average particle size of 4 nm. The nanoparticles could be modelled as a 1nm core of 
crystalline millerite-like material surrounded by a 1.5nm shell of more disordered material which 
displayed little or no long-range ordering. This model permits an average composition of the 
material to be determined. Huang (2008) and Huang et al. (2009) showed that at acid pH, 
polydymite (Ni3S4) developed from the original precipitate and that the rate of transformation to 
polydymite increased with decreasing pH. They found that in alkaline solutions (pH ≥ 11), 
high-temperature NiAs-type NiS dominates and Ni(OH)2, which occurs naturally as theophrastite, 
becomes more stable. In this study, we focus on the composition of the first-formed nickel sulfide 
precipitate which can be probed in the weakly alkaline conditions prevalent in a majority of Earth 
surface aqueous environments. 
2 Methods 
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2.1 Sample preparation 
The nickel sulfide was prepared in the same manner as described by Huang et al. (2009).  
Solutions of analytical grade NiSO4·7H2O and Na2S·9H2O were mixed under strict anoxic 
conditions which were achieved by bubbling deionised 18.2 MΩ cm (DW, MilliQ) water with 
oxygen-free nitrogen gas for at least 45 minutes before making the reagent solutions and washing 
the precipitated product. An N2-filled MBraun Labmaster 130 anoxic chamber maintained at O2 < 2 
ppm level was used for precipitation, washing, filtration and storage of the products before analysis. 
For precipitation, 50 mL 0.2 M nickel (II) sulfate solution was added dropwise into the sodium 
sulfide solution (0.1 M, 100 mL) which was stirred and buffered to pH 9 with Hydrion™ phosphate 
buffer. The pH of the filtrate after precipitation is measured between 8.9 and 9.1. As shown by 
Huang et al. (2009), the material formed in this pH window remained stable for up to several 
months. Material formed at lower pH converted to Ni3S4 with increasing speed as the pH becomes 
lower, providing a source of potential contamination of the original precipitate and decreasing the 
robustness of the analytical results. At higher pH, NiAs-structured NiS begins to form and Ni(OH)2 
becomes an increasing important component.  
 
The nickel sulfide products were washed thoroughly by re-suspending the wet fresh precipitates in 
the deionised and deoxygenated water and shaking for ca. one minute before filtration. The washing 
and filtration process was repeated four times to remove the other salts that may be precipitated 
during the filtration process, as the co-precipitated counterions in the reactants, such as sulfate, can 
make up a substantial amount in the product (Rickard et al., 2006). The solid was collected in a 
round bottom bottle for freeze drying for at least 48 hours and then it was stored in the N2-filled 
anoxic chamber before analysis. 
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Wolthers et al. (2003) originally showed with respect to iron sulfides that freeze-drying effectively 
stopped the further development of nanoparticulate sulfides. In a nice experiment, they showed that 
the freeze-dried material started to grow and crystallize again if it was placed back in the aqueous 
medium.  This means that the age of the youngest precipitated material is essentially the time 
taken for the nickel sulfide to be washed and filtered before being freeze-dried. The most primitive 
nickel sulfide precipitate examined in this study was therefore of the order of 2 hours old.  
2.2 Ion chromatography (IC) 
Ion chromatography was used to analyse the first and fourth filtrate of the precipitate during the 
washing procedure. The composition in the final filtrate reflects the “cleanness” of the metal sulfide 
solid, i.e., if there is any remnant of buffer component or the sulfate counterion in the sample, it 
should show up in the filtrate. The instrument used was a DIONEX DX-80 Ion Analyser with a 
carbonate/bicarbonate eluent. 
2.3 Ni and S analyses 
The analytic protocol developed for NiS analyses was based on the premise that the greatest 
accuracy could be obtained by analysing both Ni and S on the same sample. In order to achieve this, 
it was found that it was necessary to analyse S before Ni. The problem with NiS is that it does not 
dissolve readily in non-oxidizing mineral acids. The formation of a black elemental sulfur residue is 
a particular problem. In order to overcome this, the approach developed in Rickard et al. (2006) for 
FeS dissolution was used where a reducing agent was added to eliminate sulfur formation. The 
dissolution apparatus was assembled in the anoxic chamber. Weighed nickel sulfide solid (about 
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0.005 g) was added into the base of the apparatus with 5 mL Ti(III) citrate (prepared by adding 5 
mL 15% TiCl3 to 50 mL 0.2 M sodium citrate solution buffered to pH 7 with Na2CO3 (Zehnder and 
Wuhrmann, 1976)). 20 mL 6 M deoxygenated HCl (and 20 mL CrCl2 in some cases) was added 
into the digestion apparatus for a reaction of 2 hours at 60 oC. HCl solution was bubbled by N2 gas 
at a rate of about 5 bubbles per second for at least 45 minutes before use. Complete deoxygenation 
of the HCl solution and the strict prevention of oxidation during the dissolution procedure are 
critical for a successful dissolution. If there are minor amounts of molecular oxygen present and/or 
relatively elevated redox potentials, the formation of black sulfur occurs and this is insoluble under 
these conditions. CuCl2 solution (0.1 M, standardised against 0.1 M EDTA standard solution) was 
used to collect the evolved H2S.  
 
Sulfide was analysed by back titration of CuCl2 with the standard 1 M EDTA in 70 mL pH 5.5 
sodium acetate trihydrate/acetic acid buffer and 0.5% aqueous solution of glycine cresol red as 
indicator.  
2.4 Inductively coupled plasma-optical emission spectrometer (ICP-OES) analysis 
The dissolved Ni was analysed with a JY Horiba Ultima 2 ICP-OES system. The analytical lines 
used were 221.65 nm, 231.60 nm and 341.48 nm. The calibration was performed by external 
calibration using 7 standard solutions prepared by dilution of 1000 ppm single element stock 
solutions in the range of 0 to 200 ppm. Peak intensities and concentrations were determined in 
triplicate for each sample. 
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2.5 Energy dispersive X-ray (EDX) analysis 
Elemental analyses were also made on EDX experiments connected with an Oxford INCA scanning 
electron microscopy (SEM) and Philips transmission electron microscopy CM20 to check for 
contaminant elements present in the precipitate samples. The detection limit is generally < 0.2%. 
2.6 Thermogravimetric analysis-mass spectrometry (TGA-MS) 
The TGA-MS analyses were performed on a Netzsch Simultaneous Thermal Analyzer STA 449C 
Jupiter equipped with a TG-DSC (thermogravimetric-differential scanning calorimetry) sample 
carrier (Netzsch type S), and a PtRh10-Pt thermocouple. Evolved gas analysis was carried out by 
coupling the TG-DSC system through an adapter head in the STA 449C Jupiter gas outlet via a 
200 °C heated capillary to a Netzsch Aeolos QMS 403C quadrupole mass spectrometer with m/z 
(mass-to-charge ratio) range 10 - 300. The weight loss of the sample was normalised to the initial 
mass, and the corresponding signals were exported to the NETZSCH software for analysis as a 
function of temperature. Weight loss was calibrated observing the dehydration of an internal 
laboratory reference calcium oxalate (Ca(COO)2.H2O), measured with a precision of 10-7 g, and 
accuracy of within 1%. The number of m/z signals selected gave a temporal resolution of 10 s 
corresponding to a temperature change of approximately 2 °C, corresponding to the temperature 
resolution of the analysis. In order to compare the relative intensity of m/z peaks for different 
samples, signals from the QMS were normalised to the total intensity. 
 
Samples up to 10 mg were placed in an Al2O3 crucible under a flow of argon to avoid oxidation. An 
empty identical reference crucible was placed on the sample holder to enable DSC measurements to 
be made. Two types of TGA-MS experiments, thermodynamic and isothermal, were implemented. 
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The thermodynamic experiments were performed on the NiS precipitates within 60 days after 
precipitation with a heating rate of 10 °C min-1 from 30 to 700 °C under flowing helium (30 cm3 
min-1). A reference AlfaTM 99.9% NiS was analysed on this programme. The isothermal 
experiments were performed on NiS precipitates 6 days after precipitation by heating samples at 10 
ºC min-1 from 30 to 200 ºC, and then remaining at 200 ºC for 2 hours under helium. Correction runs 
(with empty crucible) were performed under both experimental conditions, and sample runs were 
corrected accordingly.  
2.7 Powder X-ray diffraction (PXRD) 
PXRD experiments were carried out on a Philips PW 1710 X-ray diffractometer with Cu Kα 
radiation (λ = 1.54056 Å) scanning at a step of 0.02o per 0.5 s from 5.01o to 69.99o. 
2.8 Analytical uncertainties 
The analytical error of Ni analysis by ICP-OES is below 2% (from an unpublished independent 
investigation on the nickel ion analysis with the instrument by SH). Rickard et al. (2006) 
demonstrated that the standard deviation of sulfide analyses with the method used in this study is 
within 1.58%. The absolute uncertainty in the chemical analysis of NiS, σ(NiS), is given by  
σ(NiS) =  
where σ(Ni) is the standard deviation of the Ni analyses and σ(S) is the standard deviation of the S 
analyses. The calculated σ(NiS) is ± 2.5%. 
3 Results 
2
)(
2
)( SNi σσ +
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3.1 IC analyses 
The IC results of the first and last filtrate demonstrate that washing the sample four times 
effectively removed the anion impurity from the precipitation procedure. While a significant 
amount of sulfate was present in the first filtrate, the concentration dropped to a negligible value in 
the fourth filtrate. This confirmed that no significant concentrations of any exotic anion species 
were present in the sample. 
3.2 Ni and S analyses 
Samples at each age were analysed with three duplicate analyses together with a blank run. The 
results are summarized in Table 1. The reproducibility of the analyses was within the limits of the 
precision of the individual analyses and the calculated standard deviation of the totals reported 
above.  
 
All the precipitates were freeze-dried for more than 48 hours and looked like dry powders. However, 
the analytical totals of Ni and S average 78.6 ± 2.2 wt% (mean ± 95% CI) which suggests c. 21 wt% 
water in the precipitates. Independent analyses of the precipitates with IC and EDX (see below) 
found no substantial concentrations of any other cations or anions. 
 
The analyses show no systematic trends. The totals do not change systematically with age and there 
is no relationship between the atomic ratios and sample age or total recovery from Ni and S 
analyses. The addition of CrCl2 to the dissolution process does not demonstrate any difference and 
samples were readily dissolved with or without CrCl2. The Ni:S ratio shows a systematic excess of 
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Ni over S which is greater than the standard error of the analyses. The average Ni:S ratio is 1.07, 
varying between 1.03 and 1.11 in the samples analysed.  
3.3 EDX analysis 
The elemental analyses of the nickel sulfide solid with EDX showed no significant concentration of 
elements other than Ni, S and O. The atomic ratio of Ni and S is about 1:1, although the deviation is 
large due to the errors involved in this type of analysis. 
3.4 TGA-MS analysis 
The thermodynamic experiments on precipitate samples at the age of 60 days show that there is a 
gradual weight loss from 30 to 700 oC, where the decrease levelled off although constant mass was 
not achieved. The total weight loss at 700 °C is 26 ± 2%, averaged from six replicate analyses (Fig. 
1). The AlfaTM 99.9% nickel sulfide reference sample showed a weight loss less than 1% on heating 
to 500 oC. 
 
DSC and MS signals obtained from the thermodynamic measurements are shown in Fig. 2 and 3. 
Noting that the ion current for m/z 18 is 2 orders of magnitude greater than for m/z 48 or 64, the 
dominant evolved gas has m/z 18, which is assigned to water. The loss of water occurred over a 
wide temperature range between 100 and 600 oC, and peaked at c. 325 oC (Fig. 2). Sulfur species 
with m/z 48 and 64 (corresponding to SO and SO2 or S2 respectively) were produced principally at c. 
450 and 600 oC (Fig. 3). Observed weight losses at approximately 450 and 600 °C correspond to 
evolution of sulfur species, not water alone. The DSC curves show a sharp endothermic reaction at 
600 °C and at higher temperatures, a second endothermic reaction appears to start at c. 700 oC.  
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Determination of the amounts of evolved gas species is not fully quantitative, and the response of 
the mass spectrometer varies for different masses. However, it is important to note that the ion 
current values for the evolved sulfur species shown in Fig. 3 are 2 orders of magnitude lower than 
those observed for m/z 18 (water). Thus the amount of evolved sulfur gas species is very low.  
 
The results from the isothermal programme on two NiS samples at 6 days old show an average 
weight loss of ca. 2% on heating the samples from 30 to 200 oC (Fig. 4). Another ca. 1.6% weight 
loss is observed when the temperature was held constant at 200 oC for 2 hours (Fig. 4). Only m/z 18, 
corresponding to water release, was detected in the evolved gas, most being evolved before the end 
of the 2 hours heating at 200 oC. These observations indicate that the water loss is not kinetically 
controlled. 
 
The amount of water lost varied when samples of different ages were heated. In the thermodynamic 
experiments, the 60-day-aged sample lost ca. 5 wt% water at temperatures up to 200 oC (within 20 
minutes from the start of the analysis). In the isothermal programme, the water loss from the 
6-day-old sample with the same heating rate to 200 °C was ca. 2 wt%, and the weight loss 
continued after the temperature was held at 200 oC for a subsequent 2 hrs. However, the difference 
of water loss between 5 wt% and 2 wt% is not analytically significant since it is within analytic 
error. The result suggests that the metastable structure of this material is quite robust and water is 
not merely adsorbed on the particle surface but is an integral part in the shell structure.  
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3.5 XRPD experiments 
XRPD results of the samples after being heated to 300 oC in the TGA-MS thermodynamic 
experiments showed that the NiS precipitate transformed to the high temperature nickel 
monosulfide, NiAs-type NiS phase. This is coincident with the peak water loss in the step-heating 
experiments at ca. 300 oC (Fig. 2). The product after being heated to 700 oC was well crystalline 
heazlewoodite, Ni3S2. 
4 Discussion 
The Ni:S ratio of the precipitated material averages 1.07:1. The 7 at. % apparent Ni excess is greater 
than the total analytic error (2.5 wt %) and is also systematic: that is, no analyses were found with 
Ni:S ratios < 1. On this basis the excess Ni is judged to be a real feature of the material and the Ni:S 
ratio is (1 + x):1 where x < 0.1. To one decimal place – which is within analytic precision – the Ni:S 
ratio is 1.1:1.  
 
The estimated water contents of c. 21 wt% from wet chemical analysis and the total weight loss of c. 
26 wt% (which includes loss of sulfur species in addition to water) from the TGA-MS analyses are 
reasonably close given the experimental uncertainties. By analogy with thermal analysis of hydrated 
minerals such as clays or gypsum, the evolved water is in the form of H2O. The hydrated NiS 
material can be thus represented as approximately Ni1.1S·nH2O where n corresponds to around 1.5 
water molecules per NiS. Water is lost progressively on heating and the value of n in this 
formulation decreases with temperature, suggesting that it may occupy more than one structural 
state. XRPD results reveal that the products after being heated are dehydrated NiAs-type NiS and 
Ni3S2 (heazlewoodite), confirming the loss of water from the material at high temperatures and 
16 
16
 
consistent with the phase changes and associated losses of sulfur species suggested by the TGA-MS 
results. 
 
The analyses were made on 4 - 8 days old samples for the wet chemical analysis and within 60 days 
for the TGA-MS analyses. This suggests that the change of water contents in the material during the 
period being kept in the anoxic chamber is not substantial. The results of the isothermal TGA-MS 
experiments suggest that the loss of water on heating is not kinetically controlled. Heating the 
material at 200 oC for longer periods of time does not significantly increase the amount of water 
evolved. The results suggest that the water contained in this material is integral to its structure 
rather than adsorbed water on the surface. It appears to be a fairly robust metastable configuration. 
 
When the TGA-MS data are combined with the observation that the product being heating to 
700 °C is Ni3S2 (heazlewoodite), the chemical changes observed during heating can be interpreted 
and compared with the chemical analytical data. The mass balance (Eq. 1) for the weight losses 
associated with the thermal decomposition of Ni1.1S.1.5H2O to give Ni3S2 are: 
30 Ni1.1S.1.5 H2O = 11 Ni3S2 + 8 S + 45 H2O               (1) 
    100%     71.3%   6.9% 21.8% 
Referring to Fig. 3, it can be seen that the loss of sulfur species is associated with changes in slope 
of the weight loss curves at approximately 450 and 600 °C. Fig. 2 shows that evolution of water is 
largely complete by 600 °C, although small amounts continue to be evolved. The stoichiometry of 
the decomposition reaction (Eq. 1) indicates that 21.8% of the starting mass is lost as water, and this 
corresponds very well to the mass loss observed at 600 °C (Fig. 1). Assuming that loss of sulfur 
continues beyond 700 °C, it is apparent that the TGA-MS data are completely consistent with the 
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chemical analytical results, and that the stoichiometry of the hydrated NiS phase has been correctly 
determined. 
 
The results of the compositional study support and complement the data from structural analyses 
(Huang, 2008; Huang et al., 2009) which show that the nanoparticles may be modelled with a 
classical core-shell structure. This model is important since it provides an average core:shell size 
which can be related to the bulk chemical analyses. The nanoparticulate material is modelled with 
an average core diameter of 1 nm and an average shell thickness of 1.5 nm. Small area electron 
diffraction and pair distribution function analysis (Huang et al., 2009) showed that the core was 
anhydrous, crystalline millerite whereas the shell was a disordered, hydrated nickel sulfide phase. 
The water is therefore contained in the disordered 1.5 nm-thick shell phase. The water content 
estimated in this study corresponds to an average 24 ± 3 H2O molecules per nm3 in the shell layer of 
the nanoparticles. However, as pointed out above, this is not surface water but structurally-bound in 
the 1.5 nm thickness of the material, possibly in different structural sites within this (based on the 
TG-DSC results). Zhang et al. (2003) reported 3 H2O molecules per nm2 surface water for 3 nm 
ZnS spheres. Recalculating the water content of nanoparticulate NiS1.1.1.5 H2O in terms of water 
molecules per unit of surface area shows that the hydrated NiS contains about 6 times as much H2O 
as nanoparticulate ZnS. The greater water content in the NiS nanoparticles is due to the different 
means of sample preparation. Zhang et al. (2003) prepared the ZnS nanoparticles in an organic 
solvent and water was subsequently added to the organic solvent to be adsorbed onto the surface of 
ZnS. However, the NiS in the present study was prepared directly from aqueous precipitation where 
water strongly interacted with nickel and sulfur ions in solution when they were initially bonded. 
The rapid crystallization during the precipitation process together with the water bonding causes 
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considerable disorder in the shell phase of the nanoparticles and results in the “amorphous” 
structure reported in the literature (Jaramillo and Sonnenfeld, 1989; Jeong and Manthiram, 2001; 
Thiel and Gessner, 1914; Wang et al., 1997).   
 
The composition of the particles, with 1 nm NiS cores surrounded by 1.5 nm hydrated shells, means 
that most of the mass of the particle is contained in the shell. We can assume as a first-order 
approximation that the density of the core is that of normal millerite and the density of the shell is at 
least 75% of millerite density, since it contains c. 25% H2O. This means that the >80% of the total 
particle mass is contained in the shell. This implies that the shell is the source of the 
non-stoichiometry of the material since, if the non-stoichiometry were contained in the core, the 
core composition would need to be extremely divergent from normal millerite composition to 
account for the overall 10 at % Ni excess. This is intuitively correct for a disordered phase.  
 
We have considered the problem of the electronic balance of the shell material. Since, in alkaline 
solutions theophrastite (Ni(OH)2) begins to be detected, one possibility is a small amount of 
Ni(OH)2 in the shell. In this case, the amount of Ni(OH)2 would be ≤10 wt % of the total NiS and 
would have been detected by the X-ray analyses of Huang et al. (2009), if it is well-crystalline. The 
amount of OH- in the material would account for up to 10 wt % of the total water loss in the TG-MS 
analyses and the simultaneous evolution of water at temperatures with specific endothermic peaks 
would have been detected, if the stoichiometric Ni(OH)2 were present. We have, therefore, no 
evidence for the presence of Ni(OH)2 in this material. An alternative explanation is that originally 
suggested by Mickwitz (op cit) that Ni(HS)2 is present. Again we have no evidence for this. The 
TG-MS results show consistent mass balance with a simple sulfide (Eq. 1) rather than the presence 
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of 10 wt% nickel bisulfide and the structural analyses do not show any other crystalline phase. In 
summary, our data show that significant amounts of crystalline Ni(OH)2 or Ni(HS)2 are not present 
in the material. We conclude that the electron balance of the shell phase is achieved through the 
disorder in the material. Hydroxide, sulfide, bisulfide and water groups probably coexist in this 
disordered outer shell and maintain the electron balance with nickel and hydrogen cations. However, 
no crystalline structure is formed. Further understanding of the structural details in this disordered 
region requires further characterization studies. 
 
In many natural sulfidic environments where Ni is present, including seawater and hydrothermal 
systems, hydrated nanoparticulate Ni1.1S·1.5H2O is likely to be the dominant precipitating nickel 
phase (Kiratli and Ergin, 1996). This suggests that Ni1.1S·1.5H2O determines the solubility of Ni in 
many low temperature natural systems. The results show that the solubility of NiS in aqueous 
solutions at low temperatures is likely to be more complicated than previously thought. Although 
chemically correct, simplified equations such as  
NiS + H+ = Ni2+ + HS- 
are unlikely to account mechanistically for the solubility of Ni in natural aqueous solutions under 
Earth surface conditions. The enthalpy of dissolution of the hydrated shell structure will be greater 
than for a hypothetical dehydrated NiS species, because the dissolution mechanism requires 
disruption of the hydrated shell. Thus the hydrated NiS species will be more stable, once formed, 
than a corresponding anhydrous phase. 
 
The methods used in the preparation and analysis of the NiS were similar to those used in the study 
of analogous FeS precipitates (Rickard et al., 2006). There are some similarities in the materials. 
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Thus FeS forms nanoparticles with an average size of 4 nm (Ohfuji and Rickard, 2006) which is 
similar to the size of the NiS particles (Huang, 2008). The structure of the first-formed Fe(II) sulfide 
precipitate is tetragonal whereas Ni(II) sulfide displays an hexagonal structure. Both crystalline 
forms appear to be stoichiometric within the precision of the analyses. However, Ni(II) sulfide 
nanoparticles display a core-shell structure similar to that produced in ZnS by exposing anhydrous 
material to water (Zhang et al., 2003), with a crystalline inner phase surrounded by a hydrated and 
defective outer zone. Zhang et al. (2003) modelled the ZnS nanoparticles and found that the 
structural disorder penetrated 0.8 nm (or 4 atomic layers) into the surface. This is similar to the ~1.5 
nm shell thickness in our NiS models. The difference appears to be the greater H2O concentration in 
the NiS shell but, as noted above, this appears to be a result of the aqueous precipitation medium. It 
is interesting to note that the 1 nm diameter NiS core contains just 18 NiS molecules which is 
considerably less than the 150 FeS molecules estimated in the 2 nm FeS nanoparticles observed by 
Wolthers et al. (2003). This may explain the difference in properties of the FeS and NiS 
nanoparticles: the critical nucleus size reflected in the NiS core is too small to have an independent 
existence in the aqueous medium and is only preserved where it is shielded by the hydrated, 
structurally defective shell. A further corollary from this is that what we are actually seeing is 
nucleation of NiS within a highly disordered material (cf. Lee et al., 2009). If this is the case, then it 
may well be that the disordered, hydrated NiS shell material is the first precipitate. However, we 
have not yet found methods to probe sufficiently early stages of the reaction to establish this. For 
example, the most primitive FeS Wolthers et al (2003) managed to get by this approach was 20 min 
old. The most primitive material examined in this study was c 2hr old, and it is quite possible that 
the millerite-like cores develop during this period. In terms of applications of the results it makes 
little difference since this material constitutes the bulk of the precipitate we are examining. In terms 
21 
21
 
of understanding how sulfide minerals nucleate and grow in low temperature aqueous solutions, 
however, it provides a potential novel route.   
5 Conclusions 
The initial Ni (II) sulfide precipitated from aqueous solutions at low temperatures is Ni1.1S·1.5H2O. 
The compositional data support the core-shell structural model of nanoparticulate NiS developed by 
Huang et al. (2009). The material can be modelled as a crystalline, millerite-type, NiS cores with a 
hydrated shell phase exhibiting considerable structural disorder. There are about 24 ± 3 water 
molecules per nm3 in the mantle layer. The metastable structure is quite robust and water is not 
merely adsorbed on the particle surface but is an integral part in the shell structure. An excess 10 at% 
Ni over S is consistent with the highly disordered nature of the shell material. This hydrated 
nanoparticulate Ni1.1S·1.5H2O is likely to be the dominant initial phase in many low temperature 
natural sulfidic environments in the presence of Ni and to determine the solubility of Ni.  
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Figure 1 TGA investigation of the NiS precipitates at 60 days age. The near-horizontal line is the 
99.9% NiS reference run. The other weight loss curves are duplicate runs on samples from one 
precipitate. The total weight loss was about 26%, levelling off at the end temperature (700 oC). 
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Figure 2 DSC and MS data for 3 NiS duplicate samples plotted against temperature. DSC spectra 
(dash lines) show that the reaction is generally exothermic, with a clearly defined endotherm at c. 
600 oC. MS spectra (solid lines) show that water evolution peaks around 375 oC.   
 
 
 
Figure 3 TG (solid line), DSC (dashed line) and evolved gas data for a single NiS sample. m/z 48 
(dotted line) corresponds to SO; and m/z 64 (dark dash line) to SO2. 
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Figure 4 Isothermal TGA-MS experiments of two analyses of the NiS precipitates at 6 days old. 
The solid lines represent mass change plotted against time. The dashed lines show the 
accompanying temperature, and dotted lines the evolved gas signal for m/z 18.  
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Precipitate Age Ni S Total Ni:S 
 Days wt% wt% wt% Atomic ratio 
1 4 52.3 27.3 79.6 1.06 
2 5 31.1 25.3 76.4 1.11 
3a 8 52.1 27.7 79.8 1.03 
average  51.8 26.8 78.6 1.07 
aCrCl2 used in the digestion (see Section 2.3) 
 
Table 1 Results of Ni and S analyses of the NiS precipitates. All analyses are averages of 
duplicates. 
